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IMPROVED CONFIGURATION AND PROCESS FOR SHIFT CONVERSION 

This application claims the benefit of U.S. Provisional Patent application with the 
serial number 60/439,912 (filed 01/13/03), which is incorporated by reference herein.. 

5 Field of The Invention 

The field of the invention is hydrogen production, and especially hydrogen production 
from synthesis gas relates with reduced steam consumption while maintaining predetermined 
design values for a hydrogen to carbon monoxide ratio. 

Background of The Invention 

10 Numerous processes are known in the art to produce hydrogen from various materials, 

including steam reforming of natural gas, syngas, or naphtha, catalytic reforming of heavy 
straight run gasoline or heavy oils (e.g., fuel oil), and partial oxidation of heavy oils or natural 
gas. Steam reforming of hydrocarbonaceous material is particularly advantageous due to the 
relatively simple configuration and relatively robust operation. However, generation of steam 

15 for the reforming process requires often relatively large quantities of energy. 

To reduce the energy demand for steam production, steam may be internally provided 

i 

by quenching hot gas from the reformer in direct contact with water as described in U.S. Pat. 
No. 3,545,926 to Schlinger et al., or U.S. Pat. No. 5,152,975 to Fong. Such configurations 
may provide a significant reduction in energy consumption for steam production. However, 
20 depending on the particular operating conditions, it may be necessary to heat the quenched 
gas prior to entry into the shift converter, which reduces the energy savings to at least some 
degree. 

Alternatively, the reforming process may be split into two sections in which the feed 
gas is reformed with steam in the first section and with oxygen in the second section as 

25 described in U.S. Pat. Nos. 4,782,096 and 4,999,133 to Banquy. While such configurations 
generally require less overall steam as compared to a conventional steam reforming processes, 
several disadvantages nevertheless remain. Among other things, operation of the second 
section generally requires an oxygen rich gas (typically comprising 80 vol% or even more 
oxygen), which has to be generated in an air separation or other oxygen enrichment 

30 equipment. 
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Therefore, while various configurations and methods for steam-based production of 
hydrogen-containing gases are known in the art, all or almost all of them suffer from one or 
more disadvantages. Consequently, there is still a need to provide improved configurations 
and methods to reduce energy costs associated with steam consumption in various hydrogen 
5 production plants, and especially in steam shifting/reforming, partial oxidation, or gasification 
plants. 

Brief Description of The Drawing 

Figure 1 is a schematic of an exemplary configuration for hydrogen production from 
synthesis gas according to the inventive subject matter. 

10 Figure 2 is a prior art schematic of a known configuration for hydrogen production 

from synthesis gas. 

Figure 3 is a table indicating composition, flow rate, and temperature of various 
streams of the configuration of Figure 1. 

Figure 4 is a table indicating composition, flow rate, and temperature of various 
15 streams of the configuration of Figure 2. 

Figure 5 is a schematic of another exemplary configuration for hydrogen production 
from synthesis gas according to the inventive subject matter. 

Figure 6 is a table indicating exemplary operating conditions of the configuration of 
Figure 5. 

20 Figures 7A-7D are tables indicating material balances for first and second stages of 

cases 1 and 2 of Figure 6. 

Summary of the Invention 

The present invention is directed to configurations and methods of H2 production 
from a feed gas in which the demand for steam or humidification is significantly reduced by 
25 splitting the feed gas such that one portion is fed into a first shift reactor and another portion 
is combined with the first shift reactor effluent before entering a second shift reactor. 
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In one aspect of the inventive subject matter, a plant includes a first shift reactor and a 
second shift reactor, wherein the first shift reactor receives a first portion of syngas from a 
gasification unit or partial oxidation unit to form a first shift reactor effluent, and wherein the 
second shift reactor receives a combination of the first shift reactor effluent and a second 
5 portion of the syngas to form a second shift reactor effluent. 

In especially contemplated plants, the second portion of the syngas is combined with 
the first shift reactor effluent in an amount effective to reduce steam demand by at least 10%, 
more typically at least 35%, and even more typically at least 45%. Alternatively, where the 
water is provided to the syngas via humidification of the syngas, it is preferred that the second 
10 portion of the syngas is combined with the first shift reactor effluent in an amount effective to 
reduce water and/or energy consumption of the humidifier by at least 10%, more typically at 
least 20%, and even more typically by at least 35%. Therefore, especially preferred second 
portions of the syngas will be between 50 vol% to 75 vol% of the total syngas. . 

It is still further contemplated that a preferred syngas includes carbon monoxide and 
15 hydrogen at a molar ratio of at least 2:1, and that yet another portion of the syngas maybe 
bypassed around the first and second shift reactors for combination with the second shift 
reactor effluent. Furthermore, suitable plants may also include an acid gas removal unit that is 
coupled to the second shift reactor to remove carbon dioxide from the second shift reactor 
effluent. 

20 Therefore, a particularly preferred method of operating a plant will include one step in 

which a first shift reactor and a second shift reactor are provided. In another step, a syngas 
stream from a gasification unit or a partial oxidation unit is split into a first portion and a 
second portion, wherein the first portion is fed to the first shift reactor to form a first shift 
reactor effluent. In a further step, the first shift reactor effluent is combined with the second 

25 portion to form a mixed feed gas, and in yet another step, the mixed feed gas is reacted in the 
second shift reactor to form a second shift reactor effluent. In such methods, it is particularly 
preferred that the second portion is combined with the first shift reactor effluent in an amount 
effective to reduce steam consumption in the first and second shift reactors. With respect to 
the components, conditions, and further configurations, the same considerations as provided 

30 above apply. 
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Various objects, features, aspects and advantages of the present invention will become 
more apparent from the following detailed description of preferred embodiments of the 
invention along with the drawing. 

Detailed Description 

5 In most currently known configurations for production of hydrogen from synthesis 

gas, and particularly from synthesis gas with high carbon monoxide to hydrogen ratio, steam 
is typically required in quantities far in excess of the amount required by stoichiometry for the 
shift reaction (CO + H20 -» H2 + C02). The inventors now unexpectedly discovered that the 
excess steam used in the production of hydrogen from syngas predominantly serves to limit 

10 the temperature rise across the catalytic reactor, as the shift reaction is highly exothermic (AH 
is about -40.6 KJ/mol). 

' Therefore, the inventors contemplate a process configuration in which oxidation of 
CO to C02 is spread over at least one additional shift reactor to reduce heat generation. In 
one preferred aspect of the inventive subject matter, the inventors contemplate a plant in 
15 which a first fraction of the total feed gas is bypassed around a first shift reactor to reduce the 
amount of produced heat and thus to reduce the amount of required steam. A second fraction 
of the total feed gas is combined with the processed first fraction and then fed into a second 
shift reactor to complete the conversion of the total feed gas. 

One exemplary contemplated configuration is depicted in Figure 1 in which a plant 
20 100 includes a shift conversion unit having a first shift reactor 1 10 and a second shift reactor 
120. Syngas stream 101 (or syngas stream 102 where a bypass is employed; see below) is split 
into a first portion 102» and a second portion 102", wherein the first portion (here: about 40 
vol% of total feed gas stream 101 or 102) is combined with steam 130 to form stream 103. 
The second feed portion 102" (here: about 60 vol% of total feed gas stream 101 or 102) 
25 bypasses the first shift reactor 110. 

Stream 103 may be preheated by feed preheater 140 before entering first shift reactor 
1 10. The first shift reactor effluent 1 12 is then cooled by effluent cooler 150, and the cooled 
effluent 1 12 is combined with the second portion 102" to form mixed feed stream 1 12*, which 
is then fed to the second shift reactor 120. The effluent 122 from the second shift reactor 120 
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may be combined with bypass stream 101' (which may be drawn from the syngas stream 101 
to control total conversion) to form hydrogen rich product stream 122'. 

For comparison, Prior Art Figure 2 depicts a typical steam shift configuration 200 in 
which a first shift reactor 210 and a second shift reactor 220 provide conversion of a syngas 

5 stream 201 to a hydrogen rich product stream 222' with the same amount of CO shifted to H2 
as. the previous case (i.e., same H2 to CO ratio as in stream 222'). More particularly, syngas 
stream 201 is divided into feed stream 202 (typically about 83 vol% of syngas stream 201) 
and bypass stream 201' (typically about 17 vol% of syngas stream 201). The syngas stream 
202 is combined with steam 230 to form stream 203, which is preheated by feed preheater 

10 240 before entering the first shift reactor 210. The effluent 212 from first shift reactor 210 is 
then cooled by effluent cooler 250 and is fed to the second shift reactor 220. The effluent 222 
from the second shift reactor 220 is combined with bypass stream 210' (to control conversion) 
to form hydrogen rich product stream 222'. 

Exemplary calculated compositions, flow rates, and temperatures of various streams 
15 in the plants according to Figures 1 and 2 are indicated in the Tables of Figures 3 and 4, 
respectively. In the tables, columns with underlined numerals at the top refer to streams in 
Figures 1 and 2 denoted with corresponding numerals in diamonds. 

Thus, it should be recognized that the inventors contemplate a plant comprising a first 
shift reactor and a second shift reactor, wherein the first shift reactor receives a first portion of 
20 a syngas from a gasification unit or a partial oxidation unit and forms a first shift reactor 

effluent, and wherein the second shift reactor receives a combination of the first shift reactor 
effluent and a second portion of the syngas to form a second shift reactor effluent. 

With respect to suitable feed gases it is contemplated that various gases are deemed 
appropriate so long as such gases include a significant proportion of CO (typically at least 5- 

25 10 mol%, more typically at least 20 mol%, and most typically at least 40 mol%). Therefore, 
the chemical composition of the feed gas may vary considerably, and a particular composition 
will predominantly depend on the specific origin of the feed gas. However, it is especially 
preferred that the feed gas is a syngas from a gasification plant or partial oxidation unit. Thus, 
particularly preferred feed gases will typically have a carbon monoxide to hydrogen ratio in 

30 excess of 2.0, more typically in excess of 2.2, and most typically in excess of 2.4 (e.g., typical 
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syngas comprises 50 mol% carbon monoxide, 20 mol% hydrogen, the balance including 
nitrogen, carbon dioxide, sulfurous compounds, and inert gases). 

Furthermore, it is contemplated that the feed gas pressure may vary considerably, and 
it should be appreciated that suitable pressures include a wide range, typically between 50 and 
5 1 500 psi. Thus, where suitable a feed gas booster or compressor may be employed where the 
feed gas pressure is relatively low. Alternatively, and especially where the feed gas pressure is 
relatively high, a turbine expander or other pressure reducing device may be used to reduce a 
pressure desired for the shift reaction. 

With respect to the splitting of the feed gas stream, it is generally contemplated that 
10 the first portion and the second portion may vary considerably, and suitable first portions are 
typically between 5% and 100% of the feed gas flow before the split into first and second 
portions. Where the feed gas is (or comprises) syngas from a gasification reactor or partial 
oxidation unit, it is especially preferred that the first portion of the feed gas is between about 
25 vol% to about 70 vol% , and more preferably between 35 vol% to about 45 vol% of me 
feed gas. Consequently, suitable second portions will be in the range of 0% and 95% of the 
feed gas flow before the split into first and second portions. However, preferred second 
portions will typically range between 50 vol% to 75 vol% of the syngas from the gasification 
unit or partial oxidation unit. 

Moreover, and especially where it is desirable to control the final composition of the 
20 processed feed gas, contemplated plants may further include a bypass that combines part of 
the feed gas with the effluent gas from the second shift reactor. It is further contemplated that 
the particular amount of feed gas that is bypassed around the first and second shift reactors 
may vary considerably, and generally contemplated amounts are between 0 vol% and about 
25 vol%, and more typically between about 0 vol% and about 15 vol%. 

Based on calculations using configurations according to Figures 1 and 2, the inventors 
determined that by bypassing a portion of the syngas around the first shift reactor, the steam 
consumption can be reduced by as much as 50 to 60 percent (see Figure 3 and 4). However, in 
such configurations it should be appreciated that the particular savings will depend to at least 
some degree on the carbon monoxide/hydrogen ratio of the feed gas. Thus, contemplated 
30 configurations may reduce the steam demand by at least 10%, more typically at least 35%, 
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and even higher (as compared to a configuration without bypass of the first shift reactor and 
same operating parameters as exemplified in the tables). The so saved steam may then be 
utilized for other processes, and especially for the generation of power. For example, in a 
commercial sized power plant with a total equivalent power capacity of 400 MW, the 
5 calculated power that may be generated from the saved steam is in excess of 50 MW. 

Alternatively, or additionally, the syngas may also be humidified in a humidifier. In 
such configurations, it is generally contemplated that the amount of water used by the 
humidifier may be significantly reduced by splitting the humidified feed gas as already 
described above. Thus, contemplated plant also include those in which the syngas is 

10 humidified in a humidifier before entering the first shift reactor, wherein the second portion 
of the syngas is combined with the first shift reactor effluent in an amount effective to reduce 
water consumption of the humidifier by at least 10%, more typically at least 20%, and even 
more typically at least 30% (as compared to a configuration without bypass of the first shift 
reactor and same operating parameters as exemplified in the tables). It should be especially 

15 noted that in configurations where the steam is introduced by humidification of the syngas, 
contemplated configurations will not only reduce the amount of heat required by the 
humidifier but also the size of the equipment associated with the humidification operation. 

In addition to reducing the steam usage or extent of humidification, it should be 
recognized that contemplated configurations will also reduce the amount of condensate 

20 generated downstream of the shift unit(s) when the shifted gas is cooled for carbon dioxide 
removal, which advantageously reduces the amount of condensate to be treated. Moreover, in 
at least some instances, the inlet temperature of the second shift reactor in conventional 
configurations (see e.g. Figure 2) is determined by the dew point of the feed gas. In contrast, 
the dew point of the feed gas to the second shift reactor in contemplated configurations is 

25 lower (as compared to conventional configurations), and thus the second reactor may be 
operated closer to its optimum operating temperature without being constrained by the dew 
point of the feed gas. 

Similar advantages were also observed in calculations for configurations according to 
Figure 5, in which about 44% of the feed syngas was bypassed around the first reactor with 
30 no additional bypass around the second reactor. The same configuration as depicted in Figure 
5 was operated without bypass around the first reactor to serve as a comparative example for 
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calculations shown in the tables of Figure 6 (operating conditions) and Figures 7A-7D 
(material balances). The term "about" when used herein in conjunction with a numeral refers 
to a value range of +/- 10%, inclusive, of the value of that numeral. 

The configuration of Figure 5 is particularly suited for an IGCC plant with CoP 
5 gasifiers and boilers to provide export steam to the refinery. However, in alternative 

embodiments, it should be recognized that the tail gas may be compressed and supplied to the 
gas turbines of the IGCC, or recycled at least in part after C02 extraction to increase H2 
production. Calculated data were developed in the two cases for a constant molar rate of H2 
contained in the PSA feed gas and are summarized below: 





Known Configuration 
(Case 1) 


Inventive Configuration 
(Case 2) 


Steam Required, lb/h 


934,690 


524,570 


Process Condensate Produced, lb/h 


691,150 


294,240 








Catalyst Volume, Ft3 






1 st Bed 


4,369 


2,452 


2 nd Bed 


6,545 


2,758 


Total Volume 


10,914 


5,210 








PSA 






Feed Gas Flow Rate, moles/h 


37,260 


39,459 


H2 Cone, in Feed Gas, mole % 


52 


49 1 



10 As can be seen in the above table, the steam and catalyst requirements as well as the 

condensate produced downstream of the shift unit are significantly reduced. Moreover, the 
size of the heat exchangers for the contemplated shift units are also significantly reduced. The 
size of the PSA unit on the other hand will be larger in the case of the improved shift design 
since the amount of gas to be treated in the PSA unit is slightly higher while its H2 

15 concentration lower. 

It should further be noted that the larger amount (energy content) of tail gas generated 
in the PSA unit in such configurations displaces an equivalent amount of syngas (unshifted) 
that would be fired in the boilers in the IGCC plant. In other applications of coproducing 
power and H2, and especially where low pressure fuel gas is not required, the PSA tail gas 
20 may be compressed and supplied to the gas turbine after combining with the syngas, or a 
portion of it may be treated to remove the C02 and recycled to the shift unit to generate 
additional H2. 
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With respect to the shift reactors, it should be recognized that all known types and 
sizes may be used in conjunction with the configuration according to the inventive subject 
matter, and may further comprise one or more suitable catalysts. For example, where the shift 
reaction is performed at a relatively high temperature (e.g., about 590-720 °K), the catalyst 
5 may be based on iron-oxide. On the other hand, where the shift reaction is performed at a 
relatively low temperature (e.g., about 470-520 °K), Cu-, Zn-, and/or Al-based catalyst may 
be employed. Similarly, it should be appreciated that all known feed heaters and effluent 
coolers are suitable for use in conjunction with the teachings presented herein. 

It should still further be appreciated that configurations and methods according to the 
inventive subject matter are especially suitable for plants in which deep carbon monoxide 
conversion is not required (e.g., remaining carbon monoxide in stream 122' between 5-15 
mol%, and more typically between 5-10 mol%). For example, suitable plants include those 
that coproduce a fuel gas that may be supplied to a gas turbine or fuel cell and/or a fired 
equipment (e.g., using a furnace or boiler), wherein the high purity hydrogen for such plants 
is provided via membranes and/or a pressure swing adsorption unit that purifies the shifted 
gas. 

Alternatively, contemplated methods and configurations may also be employed as 
retrofit in various petrochemical plants that consume hydrogen, which is currently generated 
from natural gas. Replacement of such hydrogen production with hydrogen production from 
gasification of alternative fuels (e.g, refinery residues or coal) may be especially 
advantageous in view of environmental as well as economical aspects. Among other things, 
penalties for carbon dioxide emission may be reduced using contemplated configurations in 
which hydrogen is produced from syngas generated from coal or other cheap fuel and 
combusted in the gas turbine of a combined cycle, while the carbon dioxide is separated from 
the shifted gas using an acid gas removal unit and sequestered. 

In still another example, contemplated configurations and methods may become 
increasingly attractive to crude oil refineries as the quality of crude oil decreases with an 
concomitant increase in low quality heavy residues (e.g., heavy oils or coke) production. Such 
heavy residues may be consumed (e.g., via hydrogenation and/or hydrocracking) within the 
30 plant using hydrogen generated by configurations and methods presented herein. In yet further 
examples, contemplated configurations and methods may be employed in synthesis plants 
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(e.g., plants producing methanol, dimethyl ether, Fischer Tropsch liquids, etc.) that require 
adjustment of the carbon monoxide to hydrogen ratio in the feed gas. 

Therefore, the inventors contemplate a method of operating a plant (and particularly to 
reduce steam consumption in a shift conversion processes in such operations), in which in 
5 one step a first shift reactor and a second shift reactor are provided. In another step, a syngas 
feed from a gasification unit or a partial oxidation unit is split into a first portion and a second 
portion, and the first portion is fed to the first shift reactor to form a first shift reactor effluent. 
In still another step, the first shift reactor effluent is combined with the second portion to 
form a mixed feed gas, and the mixed feed gas is reacted in the second shift reactor to form a 
10 second shift reactor effluent, wherein the second portion is combined with the first shift 
^reactor effluent in an amount effective to reduce steam consumption (via separate steam 
stream or via humidification) in the first and second shift reactors. Furthermore, it should be 
noted that contemplated configurations and methods are not limited to two-reactor systems. 
For example, a series of three or more reactors may be utilized in which the gas by-passed 
15 around one reactor is fed to a reactor downstream of that reactor. 

Thus, specific embodiments and applications of improved configurations and 
processes for a shift reaction have been disclosed. It should be apparent, however, to those 
skilled in the art that many more modifications besides those already described are possible 
without departing from the inventive concepts herein. The inventive subject matter, therefore, 

20 is not to be restricted except in the spirit of the claims. Moreover, in interpreting both the 
specification and the claims, all terms should be interpreted in the broadest possible manner 
consistent with the context. In particular, the terms "comprises" and "comprising" should be 
interpreted as referring to elements, components, or steps in a non-exclusive manner, 
indicating that the referenced elements, components, or steps may be present, or utilized, or 

25 combined with other elements, components, or steps that are not expressly referenced. 
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